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a b s t r a c t
Socioeconomic gradients in walking are well documented but the underlying reasons remain unclear. We
examined the contribution of objective measures of the physical environment at residence to socio-
economic gradients in walking in 3363 participants (50–74 years) from the Whitehall II study (2002–
2004). Individual-level socioeconomic position was measured as most recent employment grade. The
contribution of multiple measures of the physical environment to socioeconomic position gradients in
self-reported log transformed minutes walking/week was examined by linear regression. Objective
measures of the physical environment contributed only to a small extent to socioeconomic gradients in
walking in middle-aged and older adults living in Greater London, UK. Of these, only the number of killed
and seriously injured road trafﬁc casualties per km of road was predictive of walking. More walking in
areas with high rates of road trafﬁc casualties per km of road may signal an effect not of injury risk but of
more central locations with multiple destinations within short distances (‘compact neighbourhoods’).
This has potential implications for urban planning to promote physical activity.
& 2014 The Authors. Published by Elsevier Ltd.
1. Introduction
Walking is the most popular, accessible, and sustainable form
of physical activity (Lee and Buchner, 2008). Its beneﬁts for health
have been well documented (World Health Organization, 2010).
But it has been in decline in many countries. In Great Britain the
average distance walked per person per year for transport
purposes fell from 255 miles in 1975/76 to 187 miles in 2011
(Department for Transport, 2012). Reversing this trend and help-
ing to increase walking as part of daily routine, could make an
important contribution to overall physical activity levels and help
reduce the risk of several non-communicable diseases (NCDs) (Lee
and Buchner, 2008; World Health Organization, 2010) and the
associated costs to the National Health Services (Jarrett et al.,
2012). Identifying factors that increase regular walking and
improve the walkability of neighbourhoods, especially among
middle- and older-aged adults living in urban settings, is vital to
addressing healthy aging (Kamphuis et al., 2009; Li et al., 2008).
This is especially true for those from lower socio-economic
position (SEP) who are generally observed to have lower levels of
overall physical activity than those from higher SEP, irrespective of
the SEP indicator used (Ball et al., 2007; Chief Medical Ofﬁcers of
England, Scotland, Wales, and Northern Ireland, 2011; Hillsdon
et al., 2008). These patterns are consistent with socioeconomic
gradients in many health outcomes and represent a key pathway
through which SEP affects health (Ball et al., 2007). However, the
socioeconomic gradient in walking is less clear (Cerin et al., 2009).
There is increasing evidence that neighbourhood environments
may affect, at least in part, individual's physical activity and
walking behaviours. Several environmental measures, both objec-
tive and perceived, have been identiﬁed as important environ-
mental correlates of walking in adults. However, most studies in
this area have been carried out in the US and Australia (Bauman
and Bull, 2007; Jones et al., 2007; Ogilvie et al., 2008) and the
physical environment as well as walking patterns in Europe differ
considerably (Bassett et al., 2008; Foster et al., 2009; Jones et al.,
2007; Macintyre, 2007; Spittaels et al., 2009). In England, research
on the environmental determinants of walking in adults is
expanding (Dalton et al., 2013; Foster et al., 2009, 2004; Mytton
et al., 2012; Panter et al., 2013; Panter and Jones, 2008; Poortinga,
2006). These studies build up the evidence base on the links
between the physical environment and walking. However, the
degree to which characteristics of the physical environment
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explain socio-economic variations in walking remains unclear.
Studies elsewhere have used social-ecological models to identify
personal, physical and social environmental characteristics as
potential explanatory factors (Annear et al., 2009; Ball et al.,
2007; Cerin et al., 2009; Kamphuis et al., 2009; Ogilvie et al.,
2008; Turrell et al., 2013). Social-ecological models of behaviour
suggest that human behaviour is inﬂuenced by the interaction
between the individual and the social and physical environment
(Cerin et al., 2009; Giles-Corti and Donovan, 2002). The analysis
presented in this paper tries to help ﬁll in this gap by focusing on
the physical environment using objective measures around the
place of residence.
Our aim was to investigate the degree to which such physical
environment variables could explain individual-level socioeco-
nomic gradients in total minutes walking per week in middle-
aged and older adults living in London, UK.
2. Methods
2.1. Study population and design
We used data from the Whitehall II study, an occupational
cohort of 10,308 London civil servants ﬁrst recruited to the
Whitehall study in 1985–1988 (Marmot and Brunner, 2005). Of
these, 6914 (67.1%) participated in phase 7 in 2002–2004 and 3654
had their postcode within the M25 motorway. We excluded 45
participants, whose postcodes were not classiﬁed as residential
using the Ofﬁce for National Statistics Postcode Directory and 246
participants that had missing or invalid data on walking (n¼221),
individual-level SEP (n¼22) and environmental factors (n¼3)
leaving a total of 3363 participants. Ethical approval was provided
by the London School of Hygiene and Tropical Medicine ethics
committe (#5410).
2.2. Walking data
Participants completed a modiﬁed version of the previously
validated Minnesota leisure-time physical activity questionnaire
(Taylor et al., 1978) on their activities at work and in their free
time. Self reported measures of walking were based on the
following question: on average, for how many minutes did you
walk outside your home/workplace on each weekday and each
weekend day in the past week. Total minutes per week were
calculated by adding the daily sub-totals.
2.3. Socioeconomic position and covariates
Data on SEP were available at the individual and area-level.
Individual-level data included current/most recent employment
grade at the civil service, classiﬁed into six groups: clerical/support
(lowest), executive, higher and senior executive ofﬁcer, and uniﬁed
grade (UG) 7 and UG 1–6 (highest), total household income, and
educational attainment (measured as the highest level of educa-
tion achieved). Area-level data, available at the lower layer super
output area (LSOA), included the income score extracted from the
income domain of the Index of Multiple Deprivation 2004 (Noble
et al., 2004). LSOAs are administrative boundaries with a mini-
mum population of 1000 residents and 400 households and a
mean population of 1500 based on 2001 Census population ﬁgures
(Noble et al., 2004). We selected employment grade as the focus of
our analysis as this variable exhibited the most consistent and
largest gradient in walking. We included the area-level SEP as a
covariate in selected analyses.
Socio-demographic variables included sex, age, ethnicity (white
vs other), and labour market status (remaining in civil service vs
working outside civil service, not working – retired, out of work
and not working – longterm sick). These variables have been
consistently found to be associated with walking and different
types of physical activity and were treated as a priori confounders
(The Chief Medical Ofﬁcer, 2004). Health variables included body
mass index (BMI; kg/m2), overall physical activity levels (light vs
moderate and high activity), smoking status and number of co-
morbidities. We generated a composite indicator of multi-morbidity
based on whether an individual had been diagnosed with diabetes
or stroke, or was on cortico-steroids, ACE inhibitors, beta blockers
or lipid lowering medications. We used this measure as a proxy
measure of self-limiting health status.
2.4. Objective measures of the physical environment
Measures of the physical environment were generated using
ArcGIS 10 (ESRI, 2010) at two spatial scales: (i) the LSOA and (ii)
areas within 800 m of the centroid of the postcode of residence
(there are approx. 14 households/UK residential postcode). We used
Euclidean distances that represent an area within approximately a
10 min walk from home and is comparable to that used in other
studies (Coombes et al., 2010; Dalton et al., 2013). A total of 40
environmental variables were examined in the following nine
attribute categories: crime, proximity to services, green space, road/
trafﬁc density, land use, population density, road trafﬁc injuries
(RTIs), air pollution, and public transport provision. See Table 1 for
deﬁnitions and data sources.
2.5. Statistical methods
We used regression modelling to estimate the relationship
between individual-level SEP and walking and the inﬂuence of
the physical environment. Values for total minutes walking were
positively skewed and were log transformed. For ease of inter-
pretation, regression coefﬁcients (β) were converted into per cent
increase in average minutes walking using the formula [exp(β)1]
100. Associations for environmental variables are presented as the
per cent change in walking minutes per week for an increase from
the 5th to the 95th centile of the explanatory variable.
To simplify analysis given highly correlated variables, we included
in the regression models a single variable per attribute category
shown in Table 1. To select these variables we used the ‘all subsets’
approach implemented in the Furnival–Wilson leaps-and-bounds
algorithm, which uses ﬁve information criteria for selection: the
smallest value of Akaike Information Criterion (AIC), corrected AIC
(AICc), and the Bayesian Information Criterion; the largest value of
R2ADJ; and a value of Mallows's Cp that is close to the number of
predictors in the models þ1 or the smallest among the other
Mallows's Cp values (Lindsey and Sheather, 2010). The SEP variables
and a priori confounders were ﬁxed throughout the process.
The associations between walking and individual-level SEP
were examined using various models of co-variate adjustment,
broadly using the theoretical frameworks and approaches used in
previous studies (Giles-Corti and Donovan, 2002; Ogilvie et al.,
2008). Results are presented without adjustment (Model 1);
adjustment for a priori confounders only (Model 2); and adjust-
ment for a priori confounders and the objectively measured
physical environmental variables (one per attribute) entered
simultaneously into the model (Model 3). Clustering of individuals
within LSOAs was taken into account using robust standard errors.
Sensitivity analyses were performed to assess the robustness of
the models. These were based on adjusting for the effect of health
factors (BMI, co-morbidities and smoking), the exclusion of long-
term ill (time spent walking independent of the physical environ-
ment due to physical impairment), the use of alternative
individual-level SEP indicators (income and education), a priori
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selected environmental variables based on previous studies in the
UK, and analyses stratifying walking during weekdays or weekend
days. All analyses were performed in Stata 12.1.
3. Results
Study participants were, on average, 61 years of age, and the
majority remained working in or outside civil service (52.7%). Partici-
pants walked a total of 6 h/week, with slightly more walking on
weekend thanweek days (50 vs 45min/day). White males with higher
SEP were over-represented in this sample. Compared to participants
living within the M25 but not included in the analysis, this group was
younger (62.7 vs 61.0), was composed of more males (48.5% vs 65.3%)
and had fewer participants from the lower SEP group (33.6% vs 14.6%),
retired (53.6% vs 41.2%) and coming from other ethnic background
(23.4% vs 13.1%) (all p o0.001, data not shown).
Characteristics of participants by SEP are summarised in
Table 2. Compared to the high SEP group, lower SEP participants
were older and were less likely to be male, white ethnicity, or
working in or outside civil service. This group had a higher BMI,
higher prevalence of co-morbidities and current smokers. In terms
of physical activity, lower SEP participants, classiﬁed as clerical
and support staff, spent, on average, more time on walking than
higher SEP participants (346 vs 310 min/week) with this type of
activity comprising a greater proportion of total moderate activ-
ities. However, lower SEP participants reported spending more
hours being sedentary or doing light activities, and less time doing
moderate/vigorous activities.
With respect to the physical environment, people from lower
SEP lived in areas that had higher road and population density, air
pollution, number of killed and seriously injured per km (KSI/km)
of road, and number of public transport stops and stations (bus,
coaches, train and metro). They also lived in areas that were more
mixed in terms of land use with a higher density of non-residential
buildings, lower density of public green space and a lower average
road distance to a super market or convenience store.
There was no clear evidence of association between SEP and
walking in the unadjusted model (Table 3, Model 1) but when
adjusted for a priori confounders there was evidence that people
from lower SEP groups walked more minutes/week than those from
higher SEP groups (Table 3, Model 2). Similarly, walking patterns
remained the same irrespective of the SEP indicator used (data not
shown). Non-white ethnic background, working outside civil service
and being long-term sick (compared to remaining in civil service)
were associated with a signiﬁcant decrease in walking.
When investigating the association of environmental variables
with walking, we observed that each of the following environmental
Table 1
Data sources and deﬁnitions of the local (neighbourhood) environment using objective measures of the physical environment.
Attribute Deﬁnitions Year (Source)
LSOA-level variables
Crime (1) Crime score 2002–2003 (IMD 2004 NS-ONS) (Noble et al., 2004)
Proximity to
services (2)
Population weighted average road distance (km) to a food store
Population weighted average road distance (km) to a post ofﬁce
Green space (7) Area of public green space and area of domestic gardens (expressed in 1000 m2) 2005 (GLUDS NS-ONS) (Department for
Communities and Local Government, 2007)Percentages of public green space and public green space per 1000 population
Provision of public green space per capita (m2/person)
Percentages of domestic gardens and domestic gardens per 1000 population
Road/trafﬁc
density (3)
Area allocated to transport (expressed in 1000 m2 of roads, paths and rail)
Percentages of area allocated to transport (roads, paths and rail) and area allocated to roads
Land use (4) Herﬁndahl–Hirschmann Index (HHI)a
HHI¼Σ(Pi100)2, where P is the proportion of each land type and i is the land type
Spatial entropy score (SENS)b
Σ(Pi ln Pi)/ln N, where P is the proportion of each land type, i is the land type and N is the
number of land types
Percentages of non-residential buildings and residential buildings
Population
density (2)
Crude (per km2) and smoothed (per km2) (based on 10 km buffer) 2001 (NS-ONS) (Ofﬁce for National Statistics, 2001)
Postcode-level variables (within an area buffer of 800 m unless otherwise stated)
Road trafﬁc
injuries (RTIs)
(8)
Number of all RTIs and RTIs involving pedestrians and/or cyclists only 2003 (Road accident data, DfT) (Department for
Transport, Road Accident Statistics Branch, 2009)Number of KSI and KSI involving pedestrians and/or cyclists only
RTIs per km of road and RTIs involving pedestrians and/or cyclists only per km of road
KSI per km of road and KSI involving pedestrians and/or cyclists only per km of road
Air pollutionc (3) Annual average NO2 (ppb), Annual average NOx (ppb) and Annual average PM10 (μg per m3) 2003 (MRC-HPA, KCL) (Kelly et al., 2011)
Access to public
transport (APT)
(4)
Number of bus and coaches stops and stations 2008 (NaPTAN, DfT)d (Department for Transport,
2013)Number of bus and coaches stops and stations per km of road
Number of bus, coaches, train and metro stops and stations
Number of bus, coaches, train and metro stops and stations per km of road
Road/trafﬁc
density (6)
Length of a-roads (m), length of local roads (m) and length of pedestrianised street (m) 2010 (Ordnance Surve OpenData) (Ordnance Survey,
2013)Length of local roads as a proportion of all roads (%) and a-roads as a proportion of all roads
(%)
Total length of road network (a-road, b-road, primary road, minor road, motorway, local
street, pedestrianised street, private road with public access and road tunnel) (m)
Number of environmental variables per attribute category in parentheses.
DfT: Department for Transport; GLUDS: Generalised Land Use Database Statistics for England 2005; HPA: Health Protection Agency; IMD: Index of Multiple Deprivation; KSI:
Killed and Seriously Injured; KSL: King's College London; LSOA: Lower Layer Super Output Area; MRC: Medical Research Council; NAEI: National Atmospheric Emissions
Inventory; NaPTAN: National Public Transport Access Nodes; NO2: Nitrogen dioxide; NOx: Nitrogen oxides; NS-ONS: Neighbourhood Statistics – Ofﬁce for National Statistics;
NSPD: National Statistics Postcode Directory; OS: Ordnance Survey; PM: Particulate matter.
a Higher values represent less diversity in terms of land use.
b Measure of evenness and ranges from 0 to 1 with higher values representing a more heterogeneous and evenly mixed land-use per LSOA.
c 20 m2 grid resolution.
d Restricted to bus, coaches, train and metro stops and stations that were active and created before 2008.
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Table 2
Characteristics of participants of the Whitehall II study and their residential environment according to socio-economic position (SEP) (n¼3363).
High SEP Medium SEP Low SEP
UG1–UG6 UG7 SEO HEO EO C/S
Socio-demographic variables
Age in years (mean, SD) 61 (5.9) 60 (5.8) 60 (6.1) 60 (6.0) 62 (6.1) 63 (6.1)
Male (%) 81.0 81.8 80.6 66.7 45.7 26.4
White ethnicity (%) 97.8 96.8 92.0 87.6 72.7 67.9
Labour Market Status (%)
Remaining in CS (n¼1110) 32.4 35.8 34.7 34.7 29.1 31.3
Working outside CS (n¼661) 29.0 22.1 20.0 18.8 14.3 8.5
Not working – retired (n¼1404) 34.5 38.2 40.1 41.1 49.7 51.0
Out of work (n¼131) 3.8 2.9 3.6 4.0 4.2 5.1
Not working – LT sick (n¼57) 0.4 1.0 1.6 1.3 2.7 4.1
Health variables
BMI (n¼3195; kg/m2) (mean, SD) 26.0 (3.95) 26.5 (4.49) 26.6 (4.49) 26.7 (4.46) 26.6 (4.83) 27.9 (4.88)
No co-morbidity (%) 70.9 71 69.5 68.4 64.1 61.8
Never smoker or Ex-smoker (n¼3347) (%) 93.9 93.7 90.6 87.3 89.2 87.4
Physical activity variables (mean, SD)
Total minutes of walking per week in past week 310 (231.3) 296 (240.4) 326 (231.8) 321 (208.1) 329 (281.6) 346 (288.0)
Percentage of total moderate METs attributed to walking (n¼3321) 66.9 65.9 68.7 67.4 74.3 80.2
Total hours per week being sedentary or doing light intensity physical activity
(n¼3335)a
5.5 (4.66) 5.7 (4.98) 6.6 (5.30) 7.3 (5.45) 8.3 (5.96) 7.9 (5.41)
Total hours per week doing moderate intensity physical activity (n¼3331)b 29.1 (18.18) 28.3 (19.46) 29.4 (18.01) 29.5 (17.66) 26.9 (19.63) 26.0 (19.61)
Total hours per week doing vigorous intensity physical activity (n¼3335)c 5.0 (8.08) 4.3 (7.88) 4.1 (7.01) 4.2 (7.78) 2.8 (6.05) 1.4 (3.75)
Average minutes walked on week days in last week (n¼3340) 43 (35.0) 42 (39.6) 44 (32.8) 45 (31.4) 47 (43.2) 50 (45.3)
Average minutes walked on weekend days in last week (n¼3257) 49 (44.8) 45 (39.9) 54 (53.3) 49 (42.0) 51 (50.3) 54 (50.9)
LSOA-level environmental variables (mean, SD)
Crime score 0.0 (0.76) 0.1 (0.74) 0.1 (0.72) 0.0 (0.73) 0.2 (0.71) 0.2 (0.74)
Density of non-residential buildings (%) 4.3 (5.89) 3.9 (5.65) 3.9 (4.84) 4.1 (4.65) 4.6 (5.23) 6.1 (7.08)
Herﬁndahl–Hirschmann Index (HHI) 4316
(1313.0)
4367
(1297.2)
4301
(1275.8)
4220
(1240.5)
4079
(1200.1)
3900
(1244.3)
Density of road network (%) 15.2 (7.24) 14.5 (6.43) 14.9 (6.10) 15.0 (6.01) 15.8 (6.13) 17.3 (6.88)
Density of public green space (%) 25.0 (23.70) 26.1 (23.75) 23.7 (21.90) 23.5 (21.35) 23.7 (21.29) 21.0 (19.44)
Population weighted average road distance to a food store (km) 1.0 (0.68) 1.0 (0.71) 1.0 (0.63) 1.0 (0.54) 1.0 (0.51) 0.9 (0.57)
Population density per km2 5945
(4753.2)
5500
(4362.7)
5839
(4122.4)
6062
(3988.7)
6627
(4711.2)
7856
(5515.1)
Postcode-level environmental variables d (mean, SD)
Annual average NO2 concentration (ppb) (20 m2 grid resolution) 40.0 (6.69) 38.8 (6.23) 38.5 (5.33) 39.1 (5.49) 39.9 (5.68) 41.3 (6.59)
KSI/km of road 0.25 (0.201) 0.23 (0.183) 0.23 (0.175) 0.24 (0.179) 0.26 (0.191) 0.32 (0.221)
Number of KSI 6.7 (6.98) 6.1 (6.56) 6.0 (6.04) 6.3 (6.02) 7.0 (6.54) 9.3 (8.67)
APT 35 (18.7) 32 (17.3) 32 (16.6) 33 (14.5) 34 (16.5) 39 (20.4)
Length of a-road (m) 1928
(1757.5)
1873
(1686.4)
1810
(1859.1)
1843
(1653.0)
2021
(1834.1)
2320
(2174.3)
APT: Access to Public Transport (Total number of bus, coaches, train and metro stops and stations); BMI: Body Mass Index; CS: Civil Service; C/S: Clerical/Support; EO:
Executive Ofﬁcer; HEO: Higher Executive Ofﬁcer; KSI: Killed and Seriously Injured; LT: Long-term; MET: Metabolic Equivalent Task; NO2: Nitrogen dioxide; ppb: part per
billion; SD: Standard Deviation; SEO: Senior Executive Ofﬁce; SEP: Socio-Economic Position; UG: Uniﬁed Grade.
a o3.0 METs (o3.5 Kcal/min).
b 3.0–6.0 METs (3.5–7 Kcal/min).
c 46.0 METs (47.0 Kcal/min).
d within 800 m area buffer, unless otherwise stated.
Table 3
Per cent change and 95% conﬁdence interval in total minutes walked associated with individual-level SEP with and without adjustment for confounders and attributes of the
physical environment (n¼3363).
Model 1 Model 2 Model 3
Main exposure
UG1–UG6 (reference) – – – – – –
UG7 7.0 13.9 to 0.5 6.8 13.7 to 0.7 6.4 13.4 to 1.2
Senior Executive Ofﬁcer 1.9 6.4 to 10.9 3.9 4.5 to 13.0 4.1 4.4 to 13.3
Higher Executive Ofﬁcer 1.4 6.4 to 9.9 5.2 2.9 to 13.9 5.5 2.6 to 14.4
Executive Ofﬁcer 0.4 8.2 to 8.0 9.9 0.7 to 19.9 9.8 0.6 to 19.9
Clerical/Support 1.9 6.9 to 11.6 15.1 3.9 to 27.5 13.0 1.9 to 25.2
P for linear trend 0.280 0.0003 0.0009
A priori confounders
Sex (Female) 3.4 9.2 to 2.8 4.5 10.3 to 1.6
Age in years 0.1 0.6 to 0.8 0.1 0.5 to 0.8
Ethnicity (Other) 27.7 33.5 to 21.3 28.0 33.8 to 21.7
Labour Market Status
Remaining in CS (reference)
Working outside CS 10.1 16.8 to 2.8 10.6 17.3 to 3.3
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variables (ﬁtted one at a time in addition to the a priori non-
environmental confounders) was associated with increases in walk-
ing time: density of non-residential buildings, density of road net-
work, population density, length of a-roads, number of public
transport stops and stations, number of KSI and number of KSI/km
of road. The greatest contribution to SEP gradients in walking was
observed for KSI/km of road where the gradient in the lower SEP
category was attenuated from 15.1% to 13.9% (data not shown).
Inclusion of all environmental variables in addition to the non-
environnmental a priori confounders led to only a small reduction
in the SEP gradient in total minutes of walking per week
(compared to a model with non-environmental a priori confoun-
ders alone), suggesting only limited inﬂuence of the physical
environment on walking behaviour. Only the number of KSI/km
of road within 800 m of the postcode of residence was signiﬁ-
cantly associated with walking (Table 3, Model 3). Area-level SEP
was not independently associated with walking and inclusion in
the model did not change individual-level SEP gradients in
walking (data not shown).
Our ﬁndings were relatively insensitive to the type of SEP
indicator used (data not shown). In models with additional
adjustment for health factors (with and without excluding long-
term ill participants), population density and KSI/km of road were
both positively associated with total minutes per week of walking.
Inclusion of attributes of the physical environment had some effect
on the estimates of the SEP gradient in walking in models conﬁned
to week days, but not in models conﬁned to weekend days (Web
appendix Table S1, environmental variables ﬁtted simultaneously
in model).
4. Discussion
This study provides new insights into the determinants of SEP
gradients in walking and suggests that objective measures of the
physical environment have only a very limited inﬂuence on such
gradients among middle aged and older adults living in the
Greater London area.
Socioeconomic position is known to be one of the strongest and
most consistent predictors of walking and physical activity. Our
aim was to investigate whether these observed SEP gradients in
walking can be explained by objective measures of the physical
environment. In our main analyses, only one of the environmental
variables analysed showed clear evidence of association with the
total minutes of walking per week, namely the number of KSI/km
of road within 800 m of residence. Why this variable should show
a positive association with walking is not clear, but we speculate
that it is an effect not of perceptions of injury risk but of the
correlation between high KSI/km of road and city centre/local
centre locations where there are multiple destinations within
short distances. If there is a direct effect of a high casualty rate it
seems more probable that it would dissuade walking than encou-
rage it because of its impact on perceptions of safety (Cochrane
et al., 2009). However, the KSI/km of road may be a surrogate of
walkable access to local shops, services and facilities (Cochrane
et al., 2009; Priyantha Wedagama et al., 2006), as more casualties
(and hence high KSI/km) can be expected on roads where both
pedestrian and vehicle densities are high (Schuurman et al., 2009).
This is borne out by Fig. WA1, which shows that areas and roads
with high number of KSI are nearer to central London or local
(‘London village’) centres.
This interpretation is reinforced by the results for environ-
mental variables entered into the model one at a time that
indicated (in models adjusted for a priori non-environmental
confounders) positive associations with levels of walking for
higher road and population density, trafﬁc-related air pollution,
number of public transport stops and stations, higher density of
non-residential buildings, lower density of public green space and
a lower average road distance to a super market or convenience
store. These patterns suggest that they are surrogates for some
other feature of the local environment, and a correlate common to
all is central location (Turrell et al., 2013). This may be an
important observation for urban planning to promote physical
activity, as it reinforces the importance of having multiple desti-
nations within easy walking distance.
The results of our study were robust across a range of sensitivity
analyses, including the use of alternative individual-level SEP indi-
cators. Area-level SEP did not make an independent contribution to
individual-level SEP gradients in walking, which may suggest that
residents of high as well as low area-level SEP may equally beneﬁt
from highly-walkable environments (Van Dyck et al., 2010). The
impact of the physical environment on SEP gradients in walking was
greater on week days than weekend days, suggesting that people
may respond to environmental features closer to their residence
more strongly than to more distant environmental qualities (Giles-
Corti and Donovan, 2002) on week days and the propensity to walk
Table 3 (continued )
Model 1 Model 2 Model 3
Not working – retired 6.0 14.1 to 2.8 6.2 14.2 to 2.5
Out of work 1.2 12.6 to 17.2 0.9 12.6 to 16.6
Not working – LT sick 40.0 56.0 to 18.3 41.4 57.1 to 19.9
Environmental variables (5th–95th centile)
LSOA-level
Crime score (1.09 to 1.33) 0.3 9.1 to 10.6
Density of non-residential buildings (%) (0.3–15.8) 3.7 5.2 to 13.6
Density of road network (%) (4.2–26.3) 9.7 8.0 to 30.9
Density of public green space (%)(1.5–73.4) 8.6 4.9 to 24.1
Pop weighted road km to foodstore (0.33–1.91) 0.8 8.1 to 7.0
Population density per km2 (715–14,815) 3.7 7.8 to 16.6
Postcode-level
Annual average NO2 concentration (ppb)a (30.55–50.38) 11.7 24.9 to 3.8
KSI/km of road (800 m area buffer) (0.00–0.64) 17.5 2.8 to 34.4
APT (800 m area buffer) (11–64) 3.3 9.3 to 17.6
Model 1: Unadjusted; Model 2: Adjusted for a priori confounders; Model 3: As Model 2 and adjusted for environmental variables.
APT: Access to Public Transport (Total number of bus, coaches, train and metro stops and stations); CS: Civil Service; KSI: Killed and Seriously Injured; LT: Long-term; NO2:
Nitrogen dioxide; ppb: part per billion; SEP: Socio-Economic Position; UG: Uniﬁed Grade.
a 20 m2 grid resolution.
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may be more strongly inﬂuenced by attributes of the physical
environment outside people's local environments (Ogilvie et al.,
2008) on weekend days.
Our results are also broadly consistent with previous studies
that have shown that personal characteristics and attributes of the
physical and social environment contribute to SEP gradients in
walking and physical activity (Ball et al., 2007; Cerin et al., 2009;
Giles-Corti and Donovan, 2002; Hillsdon et al., 2008; Kamphuis
et al., 2009; Ogilvie et al., 2008). Two studies in Melbourne and
Perth, Australia, showed that objective measures of the physical
environment contributed to a small extent in explaing SEP
gradients in walking indicating that personal characteristics may
be equally or more important (Ball et al., 2007; Giles-Corti and
Donovan, 2002). Physical environment variables identiﬁed as
explaining SEP gradients in walking included street connectivity,
coastal proximity and access and use of recreational facilities (Ball
et al., 2007; Giles-Corti and Donovan, 2002). Our ﬁndings on the
lack of an association between walking, green space and area
levels of crime are also consistent with a previous study in
England (Foster et al., 2009).
In our study we only found limited evidence of an association
between the physical environment and walking despite the range
of environmental variables used. There are a number of reasons for
this. First there might be other yet unknown objectively measured
environmental factors that may be stronger predictors of walking.
Second, the limited environmental heterogeneity in the study area
may contribute to the lack of association between the physical
environment and walking. Studies carried out at the national level
or in areas with contrasting environments (e.g. urban vs rural) may
be able to identify which attributes of the physical environment
are more important for walking (and other health behaviours).
Third, there may be lack of speciﬁcity in the physical environment
variables used in this study and these variables may be stronger
predictors of other health or physical activity behaviours but not
walking (Foster et al., 2009; Giles-Corti et al., 2005b; Ogilvie et al.,
2008). These issues call for an improvement in the tools used to
assess physical activity and the physical environment and the
studies looking at quantifying the impact of the physical and built
environment on health behaviours and outcomes. Finally, attri-
butes of one's social and material environment not investigated
here, such as social capital, social connectivity and interaction, and
access to a motor vehicle, are predictive of physical activity and
may be more important factors in explaining SEP gradients in
walking than the physical environment (Giles-Corti and Donovan,
2002; Lopez and Hynes, 2006; Turrell et al., 2013). Furthermore,
perceptions of the physical environment may more directly shape
walking behaviour compared to objective measures (Ball et al.,
2008) particularly in older people (Annear et al., 2009). However,
individuals living in the same environment may perceive this in
different ways (King et al., 2005) and objective measures more
effectively quantify the impact of the physical environment on
health behaviours and facilitate the translation of study results
directly into intervention strategies and policies (Cummins et al.,
2007; Lin and Moudon, 2010). Previous studies in England looking
at how perceptions of the physical environment might inﬂuence
walking are limited and inconclusive. Foster et al. (2004) found no
association between perceived measures of trafﬁc density, per-
ceived access to leisure centres or neighbourhood aesthetics and
walking. In the same study, they reported gender differences
between perceived safety from crime or park/open space conve-
nience and walking (men but not women were more likely to walk
if they had a park or open space within walking distance, whereas
women but not men were more likely to walk if they felt safe
during the day). Although we did not investigate differences by
different socio-demographic groups here, it is likely that different
aspects of the physical environment may affect these groups in
different ways (Foster et al., 2004; Macintyre et al., 2002; Panter
and Jones, 2008) and this could be the subject of future research.
Two studies failed to ﬁnd any association between presence of
social nuisances (vandalism/grafﬁti and deliberate damage to
property) or distance to park and walking (Panter and Jones,
2008; Poortinga, 2006). Perceived measures of access to services
and local shops have been consistently found to be related to
walking (Panter and Jones, 2008; Poortinga, 2006), which provide
further support to our ﬁnding that the KSI/km of road may act as a
surrogate of accessibility to services in urban areas. Finally, people
reporting convenience of public transport were more likely to
uptake of walking (Panter et al., 2013).
Study limitations should be considered whilst interpreting our
results. These include the cross-sectional design and the reliance
on self-reported measures of walking, although a recent study
found that self-reported physical activity at phase 5 (1995–1996)
was predictive of objectively measured physical activity at phase 9
(2008–2009) in a sub-sample of the Whitehall II participants
(Hamer et al., 2012). Walking, irrespective of purpose, has impor-
tant health beneﬁts (World Health Organization, 2010), however
different types of walking (transport and recreational) may have
different demographic correlates (Kruger et al., 2008) and may be
differentially affected by the physical environment (Ball et al.,
2007; Giles-Corti et al., 2005b; Li et al., 2008). We only looked at
the residential environment but much of the walking may take
place as part of a journey to work or at work. Attributes of the
physical environment on the way to work (or other destinations)
or at work may be stronger predictors of walking or the propensity
to walk (Chaix et al., 2013). External validity may be limited since
our study population is not representative of the general popula-
tion in England and civil service employment grades only included
non-manual occupation not covering the full range of adult SEP.
Uncontrolled or residual confounding can not be ruled out. For
example, we were not able to adjust for car use and car ownership,
which might expain some of the SEP gradient in walking, although
car owneship may itself be a consequence of choice in physical
activity rather than an independent effect of it. This is relevant to
the issue of direction of causation which is relevant to a number of
associations in this analysis (e.g. an inverse relationship between
BMI and walking may be a cause or a consequence of physical (in)
activity). Finally, the exclusion of low SEP participants with
missing values for walking may result in selection bias. If these
participants were less likely to have walked, then the individual-
level SEP gradients reported here are likely to be an overestimate
of the true magnitude of SEP gradients in walking in this population
(Rothman et al., 2008).
A number of methodological issues should also be discussed.
A predeﬁned use of an area, either the use of administrative or
statistical boundaries or area buffers may not reﬂect how people
perceive their local environment, particularly in relation to walk-
ing (Saelens et al., 2003; Smith et al., 2010), and may not be
appropriate scales to use for different types of human activities
(Macintyre et al., 2002). We also made a number of assumptions
when examing the relationship between access, availability and
provision of services and resources (e.g. public transport, services
and green space) and real use. We were unable to directly
correlate these as we did not have information on the type, quality
and use of these services and resources. These information are
essential and should be included in future studies (Foster et al.,
2009; Giles-Corti et al., 2005a; Mitchell and Popham, 2008).
Although residential self selection bias is an important considera-
tion, results from a recent longitudinal study found that self
selection was not related to changes in walking (Giles-Corti
et al., 2013). Among the different ways in addressing this (Cao
et al., 2009), it has been suggested that in lieu of information on
self-selection, conditioning models on SEP and socio-demographic
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charactersitics is likely to address, at least partially, confounding
that results from residential self-selection (Bentley et al., 2010).
Alternative measures of trafﬁc safety than what we used have
been proposed to be more appropriate measures of an individual's
risk to RTAs, such as a rate per population (Schuurman et al., 2009)
or distance travelled (Sebert Kuhlmann et al., 2009).
This study has important strengths. The Whitehall II study is a well
documented cohort study, with detailed data on individual-level SEP.
We used a range of secondary datasets collected by various Govern-
mental Departments to generate objective environmental measures.
Although these datasets had a high degree of completeness we were
unable to conﬁrm their quality and validity. Except public transport
stops and station and the road network, all other data were collected
at approximately the same time as people were surveyed about their
walking and our study is therefore unlikely to suffer from misclassi-
ﬁcation of environmental exposure due to changes in the built
environment over time. This said, studies should employ neighbour-
hood audits, where feasible, to conﬁrm the validity of secondary data
sources. We also tested the robustness of our results in sensitivity
analyses using different SEP indicators. Finally, focusing on this age
group has important policy implcations due to the aging population
and the effect that this may have on healthcare expenditure, allocation
and utilisation. Understanding which attributes of the physical envir-
onment can inﬂuence physical activity behaviour in this age group can
help reduce the economic and social burden of NCDs and improve
individual quality of life (Li et al., 2008).
In conclusion, we found that objective measures of the physical
environment explain SEP gradients in walking to only limited
degree, with the impact being greater in week days than weekend
days. In recent years, promoting active travel (i.e. walking and
cycling) and the need to provide a supportive environment have
been the focus of policy agendas in relation to health, transport
and climate change (British Medical Association, 2012; Chief
Medical Ofﬁcers of England, Scotland, Wales, and Northern
Ireland, 2011; Haines et al., 2009; National Institute for Health
and Clinical Excellence, 2008). The possible interpretation that
walking is greater in central locations with shorter, more walkable,
access to multiple destinations has evident implications for public
health and urban planning policy given the objective to promote
walking (and sustainability in travel) especially among middle
aged and older adults. More objective measures of walking
behaviour and perceptions of the environment should be included
in future research.
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